
£ MULTITHREAD EMBEDDED PROCESSOR WITH INPUT/OUTPUT CAPABILITY 



The invention relates to the field of single-chip embedded 
microprocessors having analog and digital electrical interfaces to 
external systems. More particularly, the invention relates to a 
novel processor core for pipelined execution of multiple 
independent or dependent concurrent threads, together with 
supervisory control for monitoring and controlling the processor 
thread state and access to other components. 

"Multi threading" defines a microprocessor's capability to 
execute different parts of a system program ("threads") 
simultaneously. Multithreading can be achieved with software or 
hardware systems. Multithreading with a single processor core can 
be achieved by dividing the execution time of the processor core 
so that separate threads execute in segmented time windows, by 
pipelining multiple concurrent threads, or by running multiple 
processors in parallel. A microprocessor preferably has the 
ability to execute a single instruction on multiple data sets 
("SIMD") and multiple instructions on multiple data sets ("MIMD"). 

The field of embedded processors substantially differs from 
non-embedded processors because embedded processors require 1) low 
manufacturing cost, 2) low power consumption and low heat 
dissipation, 3) rigorous real time multi-task execution, and 4) 
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on-chip integration of special purpose and input/output 
peripherals. Non™ embedded processors for server and personal 
computers maximize processing power and processing throughput and 
view cost as a secondary consideration. In non-embedded 
5 processors, power consumption is less important because non- 
embedded processors are directly connected to utility power 
sources and have extensive fin, fan, or refrigeration systems to 
dissipate large quantities of heat expended during operation. 
Non-embedded systems typically have a more distributed 
fl|0 architecture than embedded processors and have central processor 
|;y or cluster of processors interconnected to various other 
UJ input/output, display and storage devices and systems with high 
^1 speed back-plane structures, local area networks, and 
!L telecommunication facilities. Non-embedded processor chip 
15 implementations are much more complex than embedded processors and 
□ typically contain millions of transistors instead of the several 
hundred thousand transistors typically used in embedded 
processors . 

Within the field of embedded microprocessors, multitasking to 
2 0 service multiple input /output interfaces and other embedded 
programs is common. Conventional embedded processors have a 
single processor that executes one instruction or one task segment 
comprising a group of instructions. Interrupts allocate the 
available processor time across multiple competing application 
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tasks. As each new task is prepared for execution in its 
allocated time segment, the application state or "context" of the 
last task executed is stored. Real time programs for conventional 
single processor systems are inherently difficult to design and 
5 are inefficient because of the continuous context swapping 
requirements for such systems. 

Various multithread processor systems have been developed. 
United States Patent Mo. 5,907,702 to Flynn et al . (1999) 
described a serial -thread execution system for decreasing thread 
ftO switch latency in a multithread processor by executing an active 
CO thread on the primary instruction queue and by keeping a dormant 
Ul thread in a secondary queue (with full context storage) for 
^ subsequent execution. United States Patent No. 6,134,653 to Roy et 
!L al. (2000) described a processor architecture having three sets of 
$5 general purpose registers to permit rapid context switching 
Pi between serially-executing program threads. United States Patent 
No. 5,404,469 to Chung et al . (1995) described a static 
interleaving technique wherein multiple functional units in a 
processor were allocated for the execution of an entire 
2 0 instruction from a particular thread in a fixed predetermined time 
slot in a repeating pattern of predetermined time slots. United 
States Patent Nos. 5,546,593 (1996) and 6,105,127 (2000) to Kimura 
et al. described a processor architecture for executing multiple 
instruction streams simultaneously using parallel hardware 
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execution streams and control and prioritization units for 
selecting and directing each thread to execute in a given stream 
at a given time. 

United States Patent No. 4,646,236 to Crockett et al . (1987) 
5 and United States Patent No. 5,357,617 to Davis et al . (1994) 

described three-stage pipelines. Additionally, various approaches 
have been proposed to organize the execution of multiple 
concurrent program threads across multiple non-pipelined 
processors. United States Patent Nos. 6,094,715 to Wilkinson et 
g|0 al. (2000), and 5,966,528 to Wilkinson et al . (1999), and 
Eg 5,878,241 to Wilkinson et al . (1999), and 5,828,894 to Wilkinson 
W et al. (1998), and 5,761,523 to Wilkinson et al . (1998), and 
^1 5,754,871 to Wilkinson et al . (1998) describe arrays of processors 
!L configurable for SIMD, MIMD or a combination of SIMD/MIMD 
fa operation. United States Patent No. 5,734,921 to Dapp et al . 
Pi (1998) describes a parallel array processor or matrix of such 
processors containing multiple processors that can operate in 
SIMD, MIMD or combined SIMD/MIMD modes of operation. 

Hardware semaphores have been contemplated for memory 
20 addresses per United States Patent No. 5,276,847 to Kohn (1994) 
and for more general system resources as shown in United States 
Patent No. 6,101,569 to Miyamoto et al . (2000). 

Various approaches have been proposed to supervise and 
control the execution of non-embedded multithread processors. 
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United States Patent No. 5,835,705 to Larsen et al . (1998) 
described a non-pipelined multithread processor system that counts 
events per thread and generates an interrupt in response to a 
count to initiate further action such as performance buffer 
overflow processing. United States Patent No. 5,923,872 (1999) 
and No. 6,000,044 (1999) to Chrysos et al . described systems for 
providing samples of detailed state information and instructions 
in a multiple stage processor pipeline. A profile of such state 
information per instruction sampled was stored in internal profile 
registers and later analyzed in response to an interrupt condition 
or software polling. United States Patent No. 6,018,759 to Doing 
et al. (2000) and United States Patent No. 6,052,708 to Flynn et 
al. (2000) described non-pipelined multithreaded processor systems 
wherein a thread switch controller switched processor threads 
based upon results from a performance monitoring facility. United 
States Patent No. 6,073,159 to Emer et al. (2000) described a 
technique for selecting a preferred thread from a plurality of 
threads within a simultaneous multithreaded execution computer 
system. United States Patent No. 6,076,157 to Borkenhagen et al . 
(2000) described a system for switching between two or more 
threads of instructions capable of independent execution. 

Although different systems have been proposed to provide 
efficient operation for embedded microprocessor applications, a 
need exists for a system having enhanced operating capabilities. 



SUMMARY OF THE INVENTION 
The invention furnishes a programmable, single chip embedded 
processor system for input/output applications. The invention 
comprises a modular, multiple bit, multithread processor core 
operable by at least four parallel and independent application 
threads sharing common execution logic segmented into a multiple 
stage processor pipeline, wherein the processor core is capable of 
having at least two states, a logic mechanism engaged with the 
processor core for executing an instruction set within the 
processor core, a supervisory control unit controlled by at least 
one of the processor core threads for examining the core processor 
state and for controlling the core processor operation, a memory 
for storing and executing said instruction set data, 
and a peripheral adaptor engaged with the processor core for 
transmitting input/output signals to and from the processor core. 

BRIEF DESCRIPTION OF THE DRAWINGS 
Figure 1 illustrates a schematic view of a multithread 

processor for embedded applications. 

Figure 2 illustrates a block diagram showing processing for 

up to eight stages . 

Figure 3 illustrates a chart showing progression of threads 

through a processor pipeline. 
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Figure 4 illustrates potential operating characteristics of a 
thread processor. 

Figure 5 illustrates up to eight supervisory control 
registers subject to read and write operations. 

Figure 6 illustrates a representative access pointer. 

Figure 7 illustrates representative address modes. 

Figure 8 illustrates a representative machine instruction 

set . 

Figure 9 illustrates a representative power up code segment 
for SIMD/MIMD operation. 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 
The invention provides a platform for sampling, supervising 
and controlling the execution of multiple threads within a 
pipeline processor. The invention provides a powerful mechanism 
to direct and restrict the operation of multiple concurrent 
threads competing for more general system resources. 
In contrast to prior art embedded processor systems, the invention 
uses a pipelined architecture with a single processor/functional 
control unit wherein instructions take multiple processor cycles 
to execute and one instruction from an individual stream is 
typically executed each processor cycle. Unlike prior art 
systems, the invention provides a simple platform for sampling, 
supervising and controlling the execution of multiple threads 



within a pipeline processor not through specialized hardware and 
memory registers but through any of the pipeline processor 
threads. This supervisory control function can also incorporate a 
hardware semaphore mechanism to control access to a set of 
program-defined resources including memory, registers and 
peripheral devices. 

Multiple threads are executed in parallel using a pipelined 
architecture and shared processor logic. By using a pipelined 
architecture the stages of fetching, decoding, processing, memory 
and peripheral accesses and storing machine instructions are 
separated and parallel threads are introduced in a staggered 
fashion into the pipeline. At any time during pipeline execution, 
each separate thread machine instruction is at a different stage 
in the pipeline so that within any cycle of the processor, logical 
operations for w n" such threads are processed concurrently. 
Although eight clock cycles can process a single machine 
instruction (sixteen for two word instructions) in a preferred 
embodiment of the invention, the efficiencies of the invention 
provide additional with eight threads. On average one complete 
machine instruction is completed per clock cycle from one of the 
active threads. The invention provides significant processing gain 
and supervisory functions using less than 100,000 transistors 
instead of the tens of millions of transistors found in non- 
embedded microprocessors. 
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Referring to Figure 1, single-chip embedded processor 10 has 
input /output capabilities comprising a central eight thread 
processor core 12, clock input 14 with buffered output 16, various 
internal memory components shown as main RAM 18, a supervisory 
control unit (SCU) 20, peripheral adaptor 22 peripheral interface 
devices 24, an external memory interface 26 and a test port 28. 
The system is used for various embedded input/output applications 
such as baseband processor unit ("BBU") 30 connected to a RF 
transceiver 32 for communications applications and as an embedded 
device controller . 

As shown in Figure 1 the system, as implemented as an 
application specific integrated circuit (ASIC) , is contained 
within a box identified as processor 10. The central component in 
the processor 10 is multithread processor core 12 and is 
illustrated as an eight-stage pipeline capable of executing eight 
concurrent program threads in one preferred embodiment of the 
invention. All elements within processor 10 are synchronized to 
master clock 14 that receives its base timing signal from crystal 
34. Master clock 14 is used internally for synchronizing system 
components and is also buffered externally as a potential clock 
output 16 to another system. A second clock input can be fed to 
buffered output 16 so that a system working with embedded 
processor 10 can have a different clock rate. 



Connected to processor core 12 are various types of memory. 
A three port register RAM module 36 comprising eight sets of eight 
words is used for registers RO to R7 for each of the eight 
processor threads. A boot ROM memory 38 can store several non- 
volatile programs and data including the system boot image and 
various application specific tables such as a code table for RF 
transceiver 32 applications. When the system starts up the boot 
ROM 3 8 image is copied into main RAM 18 for execution. Temporary 
variables and other modifiable parameters and system data are also 
stored in main RAM 18. Main RAM 18 can be structured in a two 
port format. If additional memory is required, external memory 42 
can be accessed through peripheral adaptor 22 using input/output 
instructions . 

Supervisory control unit (SCU) 2 0 can be configured as a 
special purpose peripheral to work integrally with processor core 
12 through peripheral adaptor 22. A "controlling" thread in 
processor core 12 issues input/output instructions to access 
supervisory control unit 20 by peripheral adaptor 22. Any of the 
threads can function as the controlling thread. Supervisory 
control unit 2 0 accesses various elements of processor core 12 as 
supervisory control unit 20 performs supervisory control 
functions. Supervisory control unit 20 supports various 
supervisory control functions including: 1) a run/stop control for 
each thread processor, 2) read/write access to the private state 
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of each thread processor, 3) detection of unusual conditions such 
as I/O lock ups, tight loops, 4) semaphore -based management of 
critical resources, and 5) a sixteen-bit timer facility, 
referenced to master clock 14 for timing processor events or 
5 sequences. During normal processing supervisory control unit 20 
reads state information from the processor pipeline without 
impacting thread processing. Supervisory control unit 20 will 
only interrupt or redirect the execution of a program for a given 
thread when directed to by a controlling thread. 
fllO Supervisory control unit 20 manages access to system 

ffl resources through a sixteen bit semaphore vector. Each bit of the 
semaphore controls access to a system resource such as a memory 
location or range or a peripheral address, a complete peripheral, 
Pi or a group of peripherals. The meaning of each bit is defined by 
f||5 the programmer in constants set in the ROM 38 image. ROM 38 may 
Q be of FLASH type or ROM 3 8 may access this information from an 
external memory, thus allowing the meaning of the bits of the 
semaphore vector to change depending on the application. A thread 
reserves a given system resource by setting the corresponding bit 
20 to w l" . Once a thread has completed using a system resource it 
sets the corresponding bit back to w 0" . Semaphore bits are set 
and cleared using the u Up Vector" register 109 and "Down Vector" 
register 110 shown in Figure 5. 
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Peripheral adaptor 22 accesses various generic input/output 
interface devices 24 which can include general purpose serial 
interfaces, general purpose parallel digital input/output 
interfaces, analog- to-digital converters, digital-to-analog 
converters, a special purpose baseband unit (BBU) 30, and test 
port 28. Baseband unit 30 is used for communications applications 
where control signals and raw serial data are passed to and from 
RF transceiver 32. Baseband unit 30 synchronizes these 
communications and converts the stream to and from serial (to RF 
transceiver 32) to parallel format (used by processor core 12) . 
Test port 28 is used for development purposes and manufacturing 
testing. Test port 28 is supported by a program thread running on 
processor core 12 that performs various testing functions such as 
starting and stopping threads using supervisory control unit 20. 

The ASIC supports a mult i thread architecture with a shared 
memory model. The programming model for processor core 12 is 
equivalent to a symmetric multiprocessor (SMP) with eight threads, 
however the hardware complexity is comparable to that of a single 
conventional microprocessor with input/output functions. Only the 
register set is replicated between threads. Most of the hardware 
cost for processor core 12 is shared by all eight threads. 

Processor core 12, shown in Figure 2, employs synchronous 
pipelining techniques known in the art to efficiently process 
multiple threads concurrently. In one embodiment of the invention 
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as illustrated, a typical single sixteen-bit instruction is 

executed in an eight-stage process. Where instructions consist of 

two sixteen-bit words, two passes through the pipeline stage are 

typically required. The eight stages of the pipeline include: 

Stage 0 Instruction Fetch 
Stage 1 Instruction Decode 
Stage 2 Register Reads 
Stage 3 Address Modes 
Stage 4 ALU Operation 
Stage 5 Memory or I/O Cycle 
Stage 6 Branch/Wait 
Stage 7 Register Write 

There are several significant advantages to this pipelining 
approach. First, instruction processing is broken into simple, 
energy-efficient steps. Second, pipelined processing stages can 
be shared by multiple threads. Each thread is executing in 
parallel but at different stages in the pipeline process as shown 
in Figure 3. The vertical axis 50 in Figure 3 denotes the 
pipeline stage and the horizontal axis 52 corresponds to the 
processor clock 14 cycles or time. Although each instruction per 
thread takes eight clock cycles to execute, on average the 
pipeline completes one instruction per clock cycle from one of the 
executing eight threads. Accordingly, the pipelined architecture 
provides significant processing gain. Third, since each of the 
pipeline threads can be executed independently, real-time critical 
tasks can be dedicated to separate threads to ensure their 
reliable execution. This feature of the invention is much simpler 
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and more reliable than traditional interrupt -driven 
microprocessors where complex division of clock cycles between 
competing tasks is difficult to prove and implement reliably. 

On each cycle of processor clock 14 the active instruction 
advances to the next stage. Following Stage 7, the next 
instruction in sequence begins with Stage 0. As seen in Figure 3, 
thread 0 (TO) enters the pipeline Stage 0 in cycle *1" as shown by 
54. As time progresses through the clock cycles, TO moves through 
Stages 0 to Stages 7 of the pipeline. Similarly, other threads Tl 
to T7 enter the pipeline Stage 0 in subsequent cycles "1" to 
cycles w 8" and move through Stages 0 to Stages 7 as shown in 
Figure 3 as TO vacates a particular Stage. The result of this 
hardware sharing regime is equivalent to eight thread processors 
operating concurrently. 

The processor core 12 pipeline supports thirty-two bit 
instructions such as two-word instruction formats. Each word of 
an instruction passes through all eight pipeline stages so that a 
two-word instruction requires sixteen clock ticks to process. This 
is seen in Figure 2, where a line 60 joins the Register Write 
Logic 108 in Stage 7 (76) of the pipeline to the Pipeline Register 
#0 (80) in Stage 0 (62). In general, each thread processes one 
word of instruction stream per eight ticks of processor clock 14. 

The private state of each thread processor 12, as stored in 
the pipeline registers #0 to #7 (80 to 94) or the three-port RAM 
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36 module (registers 0 to 7, R0:R7), consists of the following: 1) 
a sixteen bit program counter (PC) register; 2) a four bit 
condition code (CC) register, with bits named n, z, v, and c; 3) a 
set of eight sixteen bit general purpose registers (R0:R7); and 4) 
flags, buffers and temporary registers as required at each 
pipeline stage. Physically the general purpose registers can be 
implemented as a sixty- four word block in three -port RAM module 3 6 
as seen in Figure 1. Register addresses are formed by the 
concatenation of the three bit thread number (T0:T7) derived from 
the thread counter register, together with a three bit register 
specifier (R0:R7) from the instruction word. A single sixteen bit 
instruction can specify up to three register operands. 

As an instruction progresses through the hardware pipeline 
shown in Figure 2, the private state of each thread processor is 
stored in a packet structure which flows through the processor 
pipeline, and where the registers (R0:R7) are stored in the three- 
port, sixty- four word register RAM 3 6 and the other private values 
are stored in the Pipeline Registers #0 to #7 (80 to 94) . The 
thread packet structure is different for each pipeline stage, 
reflecting the differing requirements of the stages. The size of 
the thread packet varies from forty- five bits to one hundred and 
three bits. 

As seen in Figure 4, on each tick of processor clock 14, two 
sixteen bit registers are read and one sixteen bit register may be 
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written (56). Since the reads are performed in Stage 2 (66), 
whereas the optional write is performed in Stage 7 (76) , the reads 
always pertain to a different thread than the write. Because the 
register subset for each thread is distinct, there is no 
5 possibility of collision between the write access and the two read 
accesses within a single clock tick. 

Similarly all eight threads have shared access to main RAM 18 
and to the full peripheral set. Generally speaking threads 
communicate with one another through main RAM 18, although a given 
fllO thread can determine the state of and change the state of another 
KS thread using supervisory control unit 20. In Stage 0 (62) and 
W Stage 5 (72) the two-port main RAM 18 is accessed by two different 
~ threads executing programs in different areas in main RAM 18 as 
□ shown by 58 in Figure 4. 

fl5 Referring to Figure 2, which illustrates the pipeline 

O mechanism, the various pipeline stages and supervisory control 

unit 20 and thread counter 107 inter-working with core processor 
12 pipeline is shown. The thread counter 107 directs the loading 
of a particular thread's state information into Stage 0 (62) of 
20 the pipeline and counts from 0 to 7 continuously. An instruction 
for a particular thread, as directed by the thread counter 107, 
enters the pipeline through Pipeline Register #0 (80) at the 
beginning of Stage 0 (62) . The Instruction Fetch Logic 96 
accesses main RAM 18 address bus and the resultant instruction 
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data is stored in Pipeline Register #1 (82) . In Stage 1 (64) the 
instruction is decoded. In Stage 2 (66) this information is used 
to retrieve data from the registers associated with the given 
thread currently active in this stage. In Stage 3 (68) Address 
5 Mode Logic 100 determines the addressing type and performs 
addressing unifications (collecting addressing fields for 
immediate, base displacement, register indirect and absolute 
addressing formats for various machine instruction types) . In 
Stage 4 (70) , containing the ALU 102 and associated logic, the ALU 
lb 102 performs operations (for address or arithmetic adds) , sets 
W early condition codes, and prepares for memory and peripheral I/O 
f* operations of Stage 5 (72) . 

; ]f For branches and memory operations, the ALU 102 performs 

?=i address arithmetic, either PC relative or base displacement. 
r|5 Stage 5 (72) accesses main RAM 18 or peripherals (through the 
□ Peripheral Adaptor Logic 104) to perform read or write operations. 
Stage 6 (74) uses the Branch/Wait logic 106 to execute branch 
instructions and peripheral I/O waits. In some circumstances, a 
first thread will wait for a peripheral device 24 to respond for 
20 numerous cycles. This "waiting" can be detected by a second 

thread that accesses the appropriate supervisory control unit 20 
register. The second thread can also utilize the supervisory 
control unit 20 register timer which is continuously counting to 
determine the duration of the wait. If a peripheral device 24 
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does not respond within a given period of time, the second thread 
can take actions to re-initialize the first thread as it may be 
stuck in a wait loop. Stage 7 (76) writes any register values to 
three port register RAM module 36. The balance of the thread 
packet is then copied to Pipeline Register #0 (80) for the next 
instruction word entering the pipeline for the current thread. 

Figure 2 also shows supervisory control unit 2 0 used to 
monitor the state of the processor core threads, control access to 
system resources, and in certain circumstances to control the 
operation of threads. Supervisory control unit 20 can selectively 
read or write state information at various points in the pipeline 
hardware as illustrated in Figure 2. It is not a specialized 
control mechanism that is operated by separate control programs 
but is integrally and flexibly controlled by any of the threads of 
processor core 12. Supervisory control unit 20 is configured as a 
peripheral so it is accessible by any thread using standard 
input /output instructions through the peripheral adaptor logic 104 
as indicated by the thick arrow 105 in Figure 2. The formats of 
these instructions tt inp" and "outp" are described later. When a 
given thread wishes to direct a thread- specif ic supervisory 
control unit 20 operation, it must first write a pointer value to 
input/output address M" (112) as is shown in Figure 5. The 
pointer 112 contains the thread being accessed by supervisory 
control unit 20 in bit locations "3" to "5" (114) as shown in 
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Figure 6. If a register is accessed through an supervisory 
control unit 20 operation, the value of the desired register is 
contained in bits "0" to "2" (116) of the pointer. 

Various supervisory control unit 20 read and write operations 
5 are supported. Read accesses ("inp" instruction) have no affect 
on the state of the thread being read. As shown in Figure 5, 
register values (R0:R7), program counter values, condition code 
values, a breakpoint (tight loop in which a thread branches to 
itself) condition for a given thread, a wait state (thread waiting 
Ife for a peripheral to respond) for a given thread, a semaphore 
ffi vector value and a continuously running sixteen bit counter can be 

read. The "breakpoint" register 124 detects if a thread is 
7i. branching to itself continuously. The "wait" register 126 tells 
U if a given thread is waiting for a peripheral, such as when a 
js value is not immediately available. The "time" register 13 0 is 
O used by a thread to calculate relative elapsed time for any 

purpose such as measuring the response time of a peripheral in 
terms of the number of system clock cycles. By convention a given 
target thread should be "stopped" before any write access ("outp" 
2 0 instruction) is performed on its state values. If a controlling 
thread desires to change a register, program counter or condition 
code for a given target thread, the controlling thread must first 
"stop" the target thread by writing a word to stop address "3" 
(132) as seen in Figure 5. Bit "0" to bit "7" of the stop vector 
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correspond to the eight threads of processor core 12. By setting 
the bit corresponding to the target thread to one, this causes the 
target thread to complete its current instruction execution 
through the pipeline. The pipeline logic then does not load any 
further instructions for that thread until the target thread's bit 
in the stop vector is once again set to zero by the controlling 
thread, such as in a "run" operation. Once the target thread is 
stopped the controlling thread can then write to any register 
value (138) , the program counter (136) or the condition codes 
(134) of the target thread by performing a write ("outp" 
instruction) to the appropriate supervisory control unit 20 
input/output address location as shown in Figure 5. This feature 
is useful in reconfiguring processor core 12 to perform in various 
SIMD and MIMD configurations (described later) or in otherwise 
modifying the target threads execution flow. 

Also shown in the "write" column of Figure 5, the Up Vector 
109 and the Down Vector 110 are used to respectively reserve and 
free up resources using the supervisory control unit's hardware 
semaphore. The value of the semaphore can be read at any time by 
a given thread (address 5, Semaphore Vector 128) to see what 
system resources have been locked by another thread. Each thread 
is responsible for unlocking a given resource using the Down 
Vector register 110 when it is done with that resource. 
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Processor core 12 supports a set of programming instructions 
also referred to as "machine language" or 'machine instructions", 
to direct various processing operations. This instruction set is 
closely tied to a condition code mechanism. The processor core 12 
5 machine language consists of eighteen instructions as shown in 
Figure 8 and a total of six address modes shown in Figure 7. 
Machine instructions are either one or two words in size. Two 
word instructions must pass through the pipeline twice to complete 
their execution one word-part at a time. The table shown in 
ffio Figure 7 describes the six address modes 140, provides a symbolic 
W description 142, and gives the instruction formats 143 to which 
H they apply by instruction size. Results written to a register by 
i! one instruction are available as source operands to a subsequent 
rt instruction. The machine language instructions of the invention 
r|5 can be used in combination to construct higher- level operations. 
5 For example, the bitwise rotate left instruction, combined with 

the bit clear instruction, gives a shift left operation where bits 
are discarded as they are shifted past the most significant bit 
position. 

20 A series of conventions can be used to describe the machine 

instruction set and related processor registers. R0...R7 are 
defined as register "0" to register "7" respectively. w Rn" is 
used to refer to registers in general, and "rn" is used for a 
particular register instance. "PC" is the program counter. n CC" 
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is a condition code register. W K" refers to a literal constant 
value. For one word instruction formats, the precision of n K" is 
limited to between four and eight bits. For the two word 
instruction formats, W K" is specified by sixteen bits such as the 
5 second word of the instruction. W T" is a temporary register. 
is a pointer to a value in memory. is an AND logical 

operation. "|" is an OR logical operation. is an exclusive 

OR logical operation. n !" is a NOT logical operation. "«" is a 
shift left operation. A separate register set, program counter 
BO and condition code register is kept for each system thread. The 
Hi « n « / « Z " f « V " an d w c" bits of the condition code ("CC") register 

have different interpretations, depending on the instruction that 
fjf produced them. For arithmetic operations, add and subtract, the 
rv CC bits respectively mean negative, zero, overflow, and carry. 
fiB For other operations, the w c" bit means character such as the 
□ result in an interval 1 to 255. The w v" bit has varying 

interpretations, usually indicating that the result is odd. 
Details of the instruction set are shown later. "msb" is an 
abbreviation for most significant bit. "lsb" is an abbreviation 
20 for least significant bit, or bit 0 when the word is read from 
right to left . 

The get thread number instruction "thrd" 146 as shown in 
Figure 8 and later described is an important feature of the 
invention. The "thrd" instruction 146 is used by a given thread 
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to determine its identity or thread number. Figure 9 illustrates 
an example of how this instruction, in combination with 
supervisory control unit 12 control registers, can operate 
processor core 12 in SIMD and then in MIMD configurations or vice 
5 versa. Such a capability can be used at any point during 

operation of processor core 12 to flexibly configure all or part 
of the thread processors in either SIMD or MIMD configurations or 
modes. When processor core 12 starts up from the power up state, 
the eight threads supported by processor core 12 do not know their 
Wb thread number. In the example, shown in Figure 9, processor core 
1 12 uses all threads in parallel to initialize 16k words of Main 
fv RAM 18 memory to zero. Thread zero then stops all other threads, 
m reinitialized the program counter and register zero of the other 
□ threads and restarts them so that they begin executing eight 
f§5 independent programs on independent sets of data such as in MIMD 
0 operation. At the top of the example constants 150, corresponding 
to supervisory control unit 20 registers, are initialized. In 
section "Initialize Threads" 152 at the beginning of concurrent 
multithread operation, each thread is sequentially loaded into the 
20 pipeline starting from thread zero. The "thrd" instruction 146 is 
used by each thread to determine its corresponding thread number. 
Register two (r2) for each thread is also set to zero. In the 
section "InitMemory" 154 each thread stores zero to the address 
located in their register zero (rO) and then increments the memory 
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location address by eight words. This is preferred to coordinate 
eight threads concurrently writing to a sequential memory block of 
eight words. When 16k words of main RAM 18 memory are 
initialized, the program exits from "InitMemory" 154. In 
5 "StopThreads" 156, thread zero writes to the supervisory control 
unit 12 stop register 132. This writes a zero to the bit 
corresponding to thread zero. Ones are written to the other 
threads. This causes the execution of all other threads except 
thread zero to halt once the current instruction in the pipeline 
ffiO is completed. In sections "InitForMIMD" 158 and "SetMIMD" 160, 
W thread zero initializes the program counters of the stopped 
W threads, one to seven, to correspond to the beginning of the 
« "MIMDStart" section 162 and initializes the register zero of each 
H thread to contain a value corresponding to separate independent 
if 5 program segments at different memory addresses. The address of a 
El given instruction is shown in the left -most column 151 of Figure 
9. From this column 151 we see that the MIMDStart section 162 
starts at address 23. At the end of the "SetMIMD" section 160, 
thread zero starts the stopped threads one to seven by changing 
20 the value of supervisory control unit 20 stop vector 132. All 
threads then begin executing at the beginning of section 
"MIMDStart" 162 and based upon their different register zero 
values, branch to independent program segments where they operate 
independently. The program segment thus shows how the w thrd" 
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instruction 146 and supervisory control unit 20 stop/run function 
can be used to configure processor core 12 threads for MIMD and 
SIMD modes of operation. Threads in processor core 12 may operate 
in a mixed mode where some threads are executing in a SIMD 
5 configuration and others are operating in a MIMD configuration. 

Another embodiment of the invention uses "don't care" fields 
in the "bra" unconditional branch and "jsr" jump to subroutine 
instructions shown later to embed identification bit information 
into assembled machine instructions. Such "don't care" fields can 
Kb also be embedded in other instructions within the instruction set. 
81 Don't care fields can be used for embedding system or assembler 
W version information or for copy protection purposes . As these 
2! instructions are assembled (converted from a textual 
m representation to a machine readable format) by the machine 
fj|5 assembler for the processor core, a version related or copyrighted 
Ij protection bit pattern can be selectively distributed across 

multiple occurrences of these instructions to mark the code. For 
example if the "bra" instruction and the "jsr" instruction were in 
a sequence of machine instructions, the "bra" instruction could 
2 0 store three identification bits and the "jsr" instruction could 

store two identification bits. Thus for a 5 bit long bit sequence 
"10110", "101" could be stored in the assembled "bra" instruction 
and "10" could be stored in the assembled "jsr" instruction. By 
examining the machine bit patterns generated for these 
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instructions, it can be determined that the machine bit 
representation was generated by an authorized assembler and 
potentially version information relating to the assembler or the 
system can be utilized for version control or other related 
5 purposes . 

The stop/run feature of supervisory control unit 20 is useful 
not just for reconfiguring the operating mode of the system 
threads but also for debug purposes. Using test port 28 operated 
by a debug thread application running on a given processor thread, 
Efi an external test system 40 can step other system threads through 
W their machine instructions one instruction at a time and examine 
T # the state of these other threads at each instruction step. The 
f J{ debug thread runs and stops other threads by alternately setting 
O supervisory control unit 20 stop register 132 bits to zero and 
fff5 then one for the threads currently being targeted for debugging. 
□ Any instructions currently in the processor core pipeline are 

first completed before a stop control takes effect, which allows 
single step control for both single and double word instructions 
and multiple step operation for sets of instructions. 
20 The u c" condition code efficiently detects words having a 

value of w 0" to "255". One application of this feature is the 
detection of one byte data types such as characters. Such 
detection can be done without expending additional machine cycles 
for value testing. 
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Although the system supports four or more (eight illustrated) 
concurrent threads in one embodiment of the invention the system 
can be extended. Additional instructions can be implemented to 
support functions more directly. The number of concurrent threads 
5 controllable by supervisory control unit 12 can be increased up to 
sixteen threads without losing the capability of starting and 
stopping all sixteen threads in one machine cycle. The system can 
also be configured to operate with longer word widths by adjusting 
the basic data processing size e.g. from 16 bit words to 32 or 
ttJO longer bit units. By adjusting the main RAM 18 access for multi- 
Cy word simultaneous accesses, providing a sufficiently wide data bus 
s f- and adjusting the processor logic to handle multiword 
f I instructions, 2 word or longer instructions can be fetched within 
rt a single machine cycle and the pipeline can process two or more 
f||5 word long instructions in 8 clock cycles versus 16 clock cycles. 
□ To increase processing capacity, several of such systems could be 
run in parallel, each with their own private memory or with memory 
access controlled by a semaphore. 

Representative machine instructions can be described as 
20 follows: 

R1...R3 represent any of the registers rO to r7 . The lower case 
representation is used for actual machine instructions. 

Instruction: "add" - 2's Complement Add 

25 

Format 1 - register: R1=R2+R3 



0 0 


Rl 


0 110 0 


R3 


R2 
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Format 2 - immediate K3= [-128 : 127] : R1=R2+K3 





0 


1 


Rl 


R2 


K3 


Format 


3 


- immediate 


: R1=R2+K3 






0 


0 


Rl 


Oil 


110 0 0 


R2 



K3 
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Instruction Fields: 

Rl 3 -bit specifier for destination register 
R2 3 -bit specifier for source register 
R3 3 -bit specifier for source register 
K3 signed 8-bit or 16-bit literal source 
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Condition Codes: 

n Set if result is negative, i.e. msb is 1 

z Set if result is zero 

v Set if an overflow is generated 

c Set if a carry is generated 



So 



Description: 

Add the source operands and write the result to the 
destination register Rl. 
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Example Instructions : 

add rl, r2, r3 (format 1) 

add rl, r2, 9 (formats 2 and 3) 



Instruction: "and" - Bitwise And 



Format 1 - register: R1=R2&R3 
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0 0 


Rl 


10 10 1 


R3 


R2 


Format 2 


- immediate : Rl 


=R2&K3 






0 0 


Rl 


0 1111 


0 0 1 


R2 



K3 
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Instruction Fields: 

Rl 3 -bit specifier for destination register 
R2 3 -bit specifier for source register 
R3 3 -bit specifier for source register 
K3 16 -bit literal source 
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Condition Codes: 

n Set if result is negative, i.e. msb is 1 



28 



z 

V 



Set if result is zero 

Set if (R2 | R3) ! = R3 , or alternatively if (R2 
K3 ) ! =K3 

Set if result is in the interval [1:255] 



10 



15 



lo 



=15 



Description: 

Bitwise-and the source operands and write the result to 
the destination register Rl . 

Example Instructions: 

and rl, r2, r3 (format 1) 
and rl, r2, OxOF (format 2) 



Instruction: w bc" - Conditional Branch 

Format 1 - PC relative K2= [-128 : 127] 
PC=PC+K2 



if (condition (CI) ) 





0 


0 


CI 


0 0 


K2 !=0 




Format 


2 


- PC 


relative: 


if (condition (CI) ) PC=PC+K2 




0 


0 


CI 


0 0 


0 


0 0 0 0 0 0 0 





K2 



Instruction Fields: 

CI 4 -bit specifier for branch condition 
K2 signed 8-bit or 16-bit literal source 

Condition Codes: 



CI 


Condition 


Test 


Siqned 


Unsiqned 


Value 


(CD 




Comparis 
on 


Comparis 
on 


0x0 


c 






< 


0x1 


V 








0x2 


z 


==0 






0x3 


n 


<0 






0x4 


c | z 






< = 


0x5 


n v 




< 




0x6 


(n A v) | z 




< = 




0x7 


n | z 


< = 0 






0x8 


!c 






>= 


0x9 


!v 






i = 


OxA 


! z 


!=0 


i - 


OxB 


!n 


>=0 






OxC 


I (c | z) 






> 


OxD 


! (n A v) 




>= 




OxE 


! 




> 




OxF 


! (n | z) 


>0 
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Description: 

Evaluate the specified branch condition (CI) using the 
n f z, v f and c bits of the condition code (CC) register 
(see condition code table for values) . If the specified 
5 branch condition is met, add the source operand to the 

program counter (PC) register. Otherwise the program 
counter is not affected. 

Example Instruction: 
10 be 0x2, loopback (format 1 & 2) 

Instruction: tt bic" - Bit Clear 

Format 1 - immediate K3=[0:15]: R1=R2 & ~(1«K3) 



0 0 


Rl 


110 1 


K3 


R2 
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Instruction Fields : 

Rl 3 -bit specifier for destination register 
□ R2 3 -bit specifier for source register 

K3 4 -bit literal source 

1° 

Condition Codes: 
*f: n Set if result is negative, i.e. msb is 1 

H 2 Set if result is zero 

f 2' v Set if the selected bit was 1 when it was tested 

125 c Set if result is in the interval [1:255] 

jz Description: 

fj| Select a single bit of the source operand R2 using the 

gi immediate operand K3, test the selected bit, clear the 

[30 selected bit, and write the result to the destination 

H register Rl . The bits of R2 are numbered 15:0, with bit 

0 the least significant bit. 

Example Instruction : 
35 bic rl, r2, 3 (format 1) 

Instruction: "bis" - Bit Set 

Form at 1 - immediate K3=[0;15]; R1=R2 | (1<<K3) 



0 0 


Rl 


1110 


K3 


R2 



40 

Instruction Fields: 

Rl 3 -bit specifier for destination register 
R2 3 -bit specifier for source register 
K3 4-bit literal source 
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Condition Codes: 

n Set if result is negative, i.e, msb is 1 
z Set if result is zero 

v Set if the selected bit was 1 when it was tested 
c Set if result is in the interval [1:255] 



10 



15 



Description: 

Select a single bit of the source operand R2 using the 
immediate operand K3, test the selected bit, set the 
selected bit, and write the result to the destination 
register Rl. The bits of R2 are numbered 15:0, with bit 
0 the least significant bit. 

Example Instruction: 

bis rl, r2, 3 (format 1) 



Instruction: u bix" - Bit Change 

Format 1 - immediate K3=[0:15]: R1=R2 



(1«K3) 



0 0 


Rl 


1111 


K3 


R2 



Wo 
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Instruction Fields: 

Rl 3 -bit specifier for destination register 
R2 3 -bit specifier for source register 
K3 4 -bit literal source 

Condition Codes: 

n Set if result is negative, i.e. msb is 1 
z Set if result is zero 

v Set if the selected bit was 1 when it was tested 
c Set if result is in the interval [1:255] 



35 



40 



Description: 

Select a single bit of the source operand R2 using the 
immediate operand K3, test the selected bit, change the 
selected bit, and write the result to the destination 
register Rl. The bits of R2 are numbered 15:0, with bit 
0 the least significant bit. 
Example Instruction : 

bix rl, r2, 3 (format 1) 



Instruction: u bra" - Unconditional Branch 



Format 1 - PC relative Kl= [-128 : 127] : PC=PC+K1 



0 0 


XXX 


0 0 1 


Kl !=0 



45 
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Format 2 - PC relative: PC=PC+K1 



0 0 


XXX 


0 0 1 


00000000 



□ 



Instruction Fields: 

Kl signed 8-bit or 16-bit literal source 



Condition Codes: 
Not affected 



Description: 

Add the source operand to the program counter (PC) 
register. "X" is don't care. 

Example Instruction: 

bra branchstartl (format 1 & 2) 

Instruction: "inp" - Read Input Port of Peripheral 
Format 1 - immediate K2= [0 : 127] ; PC=PC+K1 



0 0 


Rl 


0 10 0 


K2 



Instruction Fields: 

Rl 3 -bit specifier for destination register 
K2 unsigned 7-bit literal source 



Condition Codes: 

n Set if result is negative, i.e. msb is 1 

z Set if result is zero 

v Set if result is odd, i.e. lsb is 1 

c Set if result is in the interval [1:255] 

Description: 

Read the input port at I/O address K2 and write the 
result to the destination register Rl . 

Example Instruction: 

inp rl, 0x00 (format 1) 

Instruction: "ior" - Bitwise Inclusive Or 

Format 1 - register : R1=R2 | R3 



00 Rl 10110 R3 R2 



Format 2 - immediate: R1=R2|K3 



0 0 


Rl 


01111010 


R2 



K3 



Instruction Fields: 

Rl 3 -bit specifier for destination register 
R2 3 -bit specifier for source register 
R3 3 -bit specifier for source register 
K3 16-bit literal source 
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Condition Codes : 

n Set if result is negative, i.e. msb is 1 
z Set if result is zero 

v Set if (R2 & R3) == R3, or alternatively if (R2 & 
K3) == K3 
c 



Set if result is in the interval [1:255] 



Description: 

Bitwise- inclusive-or the source operands and write the 
result to the destination register Rl . 
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Example Instructions: 

ior rl, r2, r3 (format 1) 
ior rl, r2, OxlF (format 2) 

Instruction: "jsr" - Jump to Subroutine 

Format 1 - register indirect with temporary T: T=R2; R1=PC ; 
PC=T 



*° Form< 
30 


0 0 


Rl 


01111100 


R2 


at 2 - absolute: T=K2; R1=PC; PC= 


0 0 


Rl 


011111011XX 




K2 
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Instruction Fields: 

Rl 3 -bit specifier for destination register 
R2 3 -bit specifier for source register 
K2 16 -bit literal source 



Condition Codes: 
Not affected 
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Description: 

Save the source operand in a temporary T, write the 
program counter (PC) to the destination register Rl, and 
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write the temporary T to the program counter (PC) 
register. W X" is don't care. 

Example Instructions: 
5 jsr rl, r2 (format 1) 

jsr rl, go_ahead (format 2) 
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Instruction: tt ld" - Load from RAM 

Format 1 - base displacement absolute indexed, K3 = [-128 : 127] 



1 0 


Rl 


R2 


K3 



Format 2 - base displacement absolute indexed: R1=*(R2+K3) 





0 0 


Rl 


01111110 


R2 


15 






K3 


y-" Format 3 - absolute: R1=*K2 




0 0 


Rl 


01111101010 



K2 



mo 



^25 



30 
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Instruction Fields: 

Rl 3 -bit specifier for destination register 

R2 3 -bit specifier for base register 

K3 signed 8 -bit or 16 -bit displacement 

K2 16 -bit absolute address 

Condition Codes: 

n Set if result is negative, i.e. msb is 1 

z Set if result is zero 

v Set if result is odd, i.e. Isb is 1 

c Set if result is in the interval [1:255] 

Description: 

For formats 1 and 2, add the base register R2 and the 
displacement K3 to form the address of the RAM source. 
For format 3, K2 is the address of the RAM source. Read 
the RAM source and write the result to the destination 
register Rl . Note that absolute indexed is a synonym 
for base displacement. 
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Example Instructions: 

Id rl, r2, OxlF (formats 1 
Id rl, 0x2 F (format 3) 



8c 2) 
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15 



20 



.25 
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35 
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Instruction: "mov" - Move Immediate 

Format 1 - immediate, K2= [-32:31] ; R1=K2 





0 


0 


Rl 


Oil 


1 0 


K2 


Format 


2 


- immediate : 


Rl 


=K2 






0 


0 


Rl 


Oil 


1 1 


1 0 


10 0 0 



K2 



Instruction Fields: 

Rl 3 -bit specifier for destination register 
K2 signed 6-bit or 16-bit literal source 

Condition Codes: 
Not affected 

Description: 

Write the source value K2 to the destination register 
Rl. 

Example Instruction: 

mov rl, 1 (formats 1 & 2) 

Instruction: u outp" - Write Output Port of Peripheral 

Format 1 - immediate, K2= [0:127]: outp(Rl,K2) 



0 0 


Rl 


0 10 1 


K2 



Instruction Fields: 

Rl 3 -bit specifier for source register 
K2 unsigned 7 -bit literal source 

Condition Codes: 
Not affected 

Description: 

Read the source operand Rl and write the result to the 
output port at I/O address K2 . 

Example Instruction: 

outp rl, SCUpc (format 1) 

Instruction: u rol" - Bitwise Rotate Left 

Format 1 - register: R1=R2<<R3 
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0 0 


Rl 


10 10 


0 


R3 


R2 


Format 2 


- immediate, K3 


= [0:15] 


: Rl=l 




0 0 


Rl 


110 0 


K3 


R2 



Instruction Fields: 

Rl 3 -bit specifier for destination register 
R2 3 -bit specifier for source register 
R3 3 -bit specifier for source register 
K3 4 -bit literal source 



10 



15 



2:0 



Condition Codes: 

n Set if result is negative, i.e. msb is 1 

z Set if result is zero 

v Set if result is odd, i.e. lsb is 1 

c Set if result is in the interval [1:255] 

Description: 

Bitwise-rotate the source operand R2 left n positions 
and write the result to the destination register Rl. 
The amount n of the rotation is given by either R3 or 
K3, modulo 16. 



as 



Example Instructions: 

rol rl, r2, r3 (format 1) 
rol rl, r2, 5 (format 2) 

Instruction: "st" - Store to RAM 

Format 1 - base displacement absolute indexed, K3 = [-128 : 127] 
* (R2+K3 ) =R1 





1 1 


Rl 


R2 


K3 




30 

Format 2 


- base displacement absolute indexed: *(R2+K3)=R1 




0 0 


Rl 


Oil 


11111 


R2 





K3 



Format 3 - absolute: *K2=R1 
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00 Rl 01111101011 



K2 
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Instruction Fields: 

Rl 3 -bit specifier for source register 
R2 3 -bit specifier for base register 
K3 signed 8 -bit or 16 -bit displacement 
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K2 16 -bit absolute address 



Condition Codes: 

Not affected. 

Description: 

For formats 1 and 2, add the base register R2 and the 
displacement K3 to form the address of the RAM 
destination. For format 3, K2 is the address of the RAM 
destination. Read the source register Rl and write the 
result to the RAM destination. 

Example Instructions : 

st rl, r2, 0x11 (formats 1 & 2) 
st rl, OxlFFF (format 3) 



Instruction: "sub" - 2's Complement Subtract 



Format 1 - register: R1=R2-R3 



0 0 


Rl 


0 110 1 


R3 


R2 



Instruction Fields: 

Rl 3 -bit specifier for destination register 
R2 3 -bit specifier for source register 
R3 3 -bit specifier for source register 



Condition Codes: 

n Set if result is negative, i.e. msb is 1 

z Set if result is zero 

v Set if an overflow is generated 

c Set if a carry is generated 



Description: 

Subtract the source operands R2-R3 and write the result 
to the destination register Rl . 



Example Instructions : 

sub rl, r2, r3 (format 1) 

Instruction: "thrd" - Get Thread Number 



Format 1 - register : Rl=thrd ( ) 



0 0 



Rl 



01111101001 



Instruction Fields: 

Rl 3 -bit specifier for destination register 



Condition Codes: 

Not affected. 

Description: 

Write the thread number to the destination register Rl. 

Example Instruction : 
thrd rl 

Instruction: "xor" - Bitwise Exclusive Or 



K3 





0 


0 


Rl 


10 1 


1 1 


R3 


R2 


Format 


2 


- immediate: 


Rl 


=R2 A K3 






0 


0 


Rl 


Oil 


1 1 


Oil 


R2 



Instruction Fields: 

Rl 3 -bit specifier for destination register 
R2 3 -bit specifier for source register 
R3 3 -bit specifier for source register 
K3 16-bit literal source 

Condition Codes: 

n Set if result is negative, i.e. msb is 1 
z Set if result is zero 

v Set if (R2 8c R3) == R3 , or alternatively if (R2 & 
K3) == K3 

c Set if result is in the interval [1:255] 
Description: 

Bitwise-exclusive-or the source operands and write the 
result to the destination register Rl. 

Example Instructions : 

xor rl, r2, r3 (format 1) 
xor rl, r2, OxlOOF (format 2) 



The invention provides a unique design of a multithread 
processor core 12 supporting an innovative multiple stage pipeline 
that can be extended in various ways. The condition code 



38 



mechanism introduces a powerful new character-detection mechanism 
that does not required additional value testing. The u thrd" 
instruction 146, allowing threads to determine their identity for 
various thread configuration, initialization and other thread 
related operations, provides a powerful tool for multithread 
control. Supervisory control unit 20, configured as a peripheral 
that is accessible by all processor core 12 threads, provides 
extremely flexible thread status checking and control operations 
and resource control using a hardware semaphore. In different 
applications individual threads may be configured to operate in 
SIMD or MIMD operation. Supervisory control unit 2 0 can also 
support powerful single and multiple step testing modes. These 
features provide a significant advancement in the state of the art 
for embedded microprocessor systems. 

The parallel pipelined architecture of the invention is a 
significant technological advancement for embedded processor 
applications since it inherently performs parallel input/output 
tasks without the overhead of context switching and with the 
predictability of independent processor threads. 

The hardware semaphore in the invention is used in 
combination with the capability to stop, reinitialize and restart 
multiple threads. This combination provides an exceedingly 
powerful mechanism to direct and restrict the operation of 
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multiple concurrent threads competing for more general system 
resources . 

The invention utilizes a more finely segmented multiple- stage 
pipeline than prior art systems. The pipeline enables the 
5 simultaneous execution of multiple threads by selectively avoiding 
memory or peripheral access conflicts through the types of 
pipeline stages chosen and the use of dual and tri-port memory 
techniques. The pipeline allows a finer level of result 
inspection and control per pipeline stage. 

50 The invention can execute multiple instruction streams on 
m multiple data streams or a single instruction stream on data 
W streams in various combinations under the control of single or 

^1 multiple threads as executed by a single pipelined processor core. 
s _ Although the invention has been described in terms of certain 

js preferred embodiments, it will become apparent to those of 

51 ordinary skill in the art that modifications and improvements can 
be made to the ordinary scope of the inventive concepts herein 
within departing from the scope of the invention. The embodiments 
shown herein are merely illustrative of the inventive concepts and 

2 0 should not be interpreted as limiting the scope of the invention. 
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